Abstract: Net primary productivity (NPP) in northern temperate forests is an important part of the global carbon cycle. Because NPP often is limited by nitrogen (N), atmospheric N deposition (Ndep) may increase forest NPP. At a northern hardwood forest site in northern Lower Michigan, USA, we quantified rates of N supply by Ndep, canopy retention of Ndep (Ncr), and soil net N mineralization (Nmin); calculated the N requirement of NPP; and estimated the fraction of NPP that could be attributed to atmospheric N inputs. Net N mineralization supplied 42.6 kg NÁha -1 Áyear -1 (84% of the NPP N requirement), and Ndep averaged 7.5 kg NÁha -1 Áyear -1 (15%). The forest canopy retained 38% of Ndep (Ncr = 2.8 kg NÁha -1 Áyear -1 ), primarily in the forms of organic N and NH4-N. Fine root (62%) and leaf (31%) N requirements dominated the NPP N requirement of 50.7 kg NÁha -1 Áyear -1 . Annual N supply by the processes we measured agreed very closely with the NPP N requirement, suggesting that internally cycled N and N of atmospheric origin contribute to the N nutrition of this forest. Our results indicate that up to 15% of the NPP at this site may be driven by atmospheric N inputs.
Introduction
Human activity has increased emissions of reactive nitrogen (N) into the atmosphere during the past 60-70 years, primarily through fossil fuel combustion, industrial N 2 fixation, and intensive agriculture (Galloway et al. 2003) . As a result, atmospheric N deposition (N dep ) has increased, leading to greater C storage in terrestrial ecosystems, where net primary productivity (NPP) often is N-limited (Vitousek et al. 1997 ). NPP is a major component of C storage in northern temperate forests, which comprise a significant proportion of the global terrestrial C sink (Schimel 1995; Goodale et al. 2002) . Northern temperate forests across a significant area of the northeastern United States are recovering C lost during logging and fires that occurred 100-200 years ago (Goodale and Aber 2001; Gough et al. 2007) , and N dep rates of 5-27 kg NÁha -1 Áyear -1 in the region may provide up to 15% of the annual NPP N requirement of these forests (Lovett and Lindberg 1993) . Observations of 16%-50% more wood growth in northern temperate forests subjected to chronic N addition suggest that N dep may enhance the woody biomass component of NPP, and C storage may be further increased by elevated leaf litter production or soil C accumulation that occurs in response to long-term N additions (Magill et al. 2000; Waldrop et al. 2004; Pregitzer et al. 2007) .
Studies of the effects of N dep on forest NPP and C storage have produced inconsistent conclusions. A synthesis of studies involving 15 N tracer additions to forest floors in North America and Europe concluded that N dep has not significantly affected the northern temperate forest C sink, since soils, not trees, are the primary sinks for tracer additions . The potential for long-term reten-tion of atmospheric N (decades or longer) in low C/N soil pools suggests a limited forest C storage response to N dep Currie et al. 2004 ). On the other hand, N incorporated into rapid-turnover soil pools may be transformed into plant-available forms within months (Compton and Boone 2002) . If atmospheric N moves rapidly from low C/N soil pools into high C/N tree biomass, N dep may have a positive effect on NPP and C storage, especially in forests of low fertility (Moreno Marcos and Gallardo Lancho 2002) . Retention of N dep within the forest canopy (defined herein as canopy N retention, or N cr ) may be an even faster pathway of atmospheric N incorporation into biomass. However, this forest N nutrition pathway requires that trees actually assimilate the atmospheric N retained by their canopies through foliar uptake, before it is washed off in precipitation and incorporated into soil pools. Canopies typically do not retain organic N, but they do retain inorganic N at a rate of 1-12 kg NÁha -1 Áyear -1 , or 50%-70% of N dep (Lindberg et al. 1986; Lovett and Lindberg 1993; Morris et al. 2003; Tomaszewski et al. 2003) . Results from one study suggested that N cr was responsible for 10%-70% of the annual C storage in a northeastern US conifer forest (Sievering et al. 2000) . This estimate was based on relationships between aboveground NPP and the C/N ratio of aboveground biomass, and the assumption that 100% of N cr was assimilated into aboveground biomass by foliar N uptake. While very few ecosystem-scale studies have had an experimental design capable of quantifying the fraction of N cr that is assimilated through foliar uptake (Gaige et al. 2007) , it is well established that foliar N uptake does occur when N is deposited to tree leaves (Macklon et al. 1996; Wilson and Tiley 1998; Chavez-Aguilar et al. 2006) . It is therefore likely that N cr , the fraction of N dep retained by the canopy, does have a direct effect on forest NPP.
While N dep can increase forest NPP, long-term elevated N dep has led to forest decline in some regions. For example, coniferous forests in the northeastern United States exhibit declining tree growth and increased mortality along a gradient of increasing N dep . In Europe, experimental reductions in N dep at several forests have increased tree growth (Boxman et al. 1998; Quist et al. 1999; Lamersdorf and Borken 2004) . These results, along with the predictions of Aber et al. (1998) , suggest that increased forest NPP due to N dep is not permanent, but rather a transient phase within the longer-term process of N saturation. The temporal scales over which N accumulates, NPP increases, and N saturation occurs within forest ecosystems are incompletely understood, but probably relate to forest age and disturbance history, the size and stoichiometry of ecosystem C and N pools, and microbial community dynamics (Dise et al. 1998; Fenn et al. 1998; Johnson et al. 2000; Waldrop et al. 2004 ). The influence of N dep on the microbial community is especially important, since microbial activity converts soil and litter organic N forms into the inorganic N required for tree growth. This is the process of soil net N mineralization (N min ), and it generally is the rate-limiting step in tree N acquisition Read 1996, 1997; Colpaert and Van Laere 1996) .
Predictions of C and N storage and cycling in northern temperate forests require accurate accounting of forest NPP and N supply processes ). However, we are not aware of any study of an unmanaged northern temperate forest that has measured the N requirements of above-and below-ground NPP, as well as N supply by N dep , N cr , and N min . Several studies of this type have been conducted in forests of the southern United States (Finzi et al. 2002; Bonito et al. 2003; Johnson et al. 2004) , and others have measured some atmospheric and biometric C and N cycling processes at northern sites (Friedland et al. 1991; Sievering et al. 2000) . Here, we present a more complete picture of NPP and N cycling in a well-studied northern hardwood forest, including measurements of soil N supply, N demand by different components of forest NPP, and total (N dep ) and canopy-retained (N cr ) atmospheric N inputs. Our objective was to quantify the fraction of NPP that could be attributed to atmospheric N inputs, by (1) quantifying the rates of forest N supply by N dep , N cr , and N min , and (2) measuring the annual N requirements of the individual biomass components of NPP, including leaves, above-and below-ground wood, and fine roots.
Materials and methods

Study site
This study was conducted at the University of Michigan Biological Station (UMBS) in northern Lower Michigan, USA (45835'N, 84843'W) , where the mean annual temperature is 5.5 8C and mean annual precipitation is 817 mm. Average seasonal snowfall is 300 cm, and a snowpack generally persists from December until early April. The study area encompasses 105 ha of forest on a level to gently sloping high outwash plain derived from glacial drift, and the soils are excessively drained, sandy, mixed, frigid Entic Haplorthods of the Rubicon series. The forest floor at the site consists of an Oe horizon 1-3 cm thick, which overlies mixed, earthworm-disturbed Oa/Ap horizons of 1-3 cm held together by dense fine roots. The remainder of the mineral soil profile within the rooting zone includes an E horizon of 10-15 cm and a B horizon of coarse sand and infrequent lenses of unsorted glacial till. Forest floor C mass is 5-15 MgÁha -1 , and the mineral soil consists of 92% sand, 7% silt, and 1% clay, with pH 3.5-4.5 (L.E. Nave, unpublished data; USDA Soil Conservation Service 1991; Curtis et al. 2005) .
We conducted our study in permanent plots distributed throughout the 105 ha study area. The layout of these plots is as follows. A permanent plot (1.1 ha) is situated in a stand of representative aboveground biomass at the center of the study area. Smaller circular plots (0.1 ha, 60 total) are established along transects 1 km in length, which radiate out from the 1.1 ha plot. In the study area, density of trees with diameter at breast height (DBH) > 8 cm is 700-800 stemsÁha -1 , basal area is *25 m 2 Áha -1 , and leaf area index (LAI) is *3.5 m 2 Ám -2 (Gough et al. 2007 ). Bigtooth aspen (Populus grandidentata Michx.) dominates the secondary successional northern hardwood forest within the study area. Other canopy species include red maple (Acer rubrum L.), northern red oak (Quercus rubra L.), paper birch (Betula papyrifera Marsh.), trembling aspen (Populus tremuloides Michx.), sugar maple (Acer saccharum Marsh.), American beech (Fagus grandifolia Ehrh.), and white pine (Pinus strobus L.). The understory is dominated by red maple, northern red oak, juneberry (Amelanchier spp.), American beech, and white pine, while bracken fern (Pteridium aquilinum (L.) Kuhn) and lowbush blueberry (Vaccinium angustifolium Aiton) are the most abundant ground flora. Canopy height is approximately 22 m, and dominant tree age averages 85 years. The forest type at the study site is representative of forests throughout the northern Great Lakes region, where aspen-dominated northern hardwood forests replaced the old-growth forests of white pine, red pine (Pinus resinosa Aiton), and eastern hemlock (Tsuga canadensis (L.) Carrière) following clear-cutting and wildfires in the late 19th and early 20th centuries (Gough et al. 2007) .
Forest N supply
We determined the quantity of N available for NPP by estimating N dep (total atmospheric N deposition), N cr (the fraction of N dep retained in the canopy), and N min (soil net N mineralization). N dep and N cr data were drawn from measurements at the UMBS forest in 2004, as well as archived data (2000) (2001) (2002) (2003) (2004) from the National Atmospheric Deposition Program (NADP) . N min was measured in [2005] [2006] .
Atmospheric N deposition and canopy N retention
We quantified N dep using two different, but complementary, methods, each of which measured slightly different components of the atmospheric N inputs to the site. For the first method, we compiled a 5 year wet inorganic N dep data set from the NADP collector at UMBS. For the second method, we measured bulk N dep from April to November 2004, using collectors that sampled wet and dry deposition of inorganic and organic N compounds. Both types of N dep were sampled in an open field *2 km east of the 1.1 ha plot.
The NADP wet-only N dep samples were collected with an electronically controlled collector, which opens automatically when precipitation is detected and closes when precipitation stops. The collector is a high-density polyethylene (HDPE) bucket mounted on a platform *2 m above the ground. Precipitation is removed from the collector every week and sent on ice to the Central Analytical Laboratory (Champaign, Illinois, USA), where [NH 4 + ] is determined by flow injection analysis and is measured by ion chromatography (Rothert et al. 2002) . These data are available from the NADP Web site (http://nadp.sws.uiuc.edu). We retrieved 5 years (2000) (2001) (2002) (2003) (2004) of weekly precipitation volume, [NH 4 + ], and data from the NADP Web site, and aggregated weekly data into longer intervals that matched our five N min incubation periods from 2005 to 2006. After converting precipitation volumes and N concentrations into fluxes (kg NÁha -1 ), we calculated mean N dep across all 5 years of data for each of the five intervals. We also calculated the standard error of N dep within each interval across the 5 years of data to quantify interannual variation in N dep . We summed the 5 year mean N dep values from each of the five intervals to determine mean annual N dep , and summed the standard errors to calculate the cumulative uncertainty of our measurements.
We sampled bulk N dep every week using an open-topped collector adjacent to the NADP collector in the open field. The open-topped collector consisted of a 16.5 cm diameter HDPE funnel inserted into a rubber stopper in the neck of a 1 L narrow-mouthed HDPE bottle. The collector was mounted *1 m above the ground and was removed and replaced with a clean collector every week. Samples from each weekly collection were frozen until the end of a 2-4 week sampling period and then thawed and composited into a volume-weighted aggregate sample. Aggregated bulk N dep samples representing 2-4 weeks of atmospheric N inputs were then filtered (0.45 mm) and analyzed on a Bran+-Luebbe autoanalyzer by the phenate (NH 4 -N), cadmium reduction (NO 3 -N), and persulfate oxidation (total N) methods (standard methods 350.1, 353.2, and 351.2; United States Environmental Protection Agency 1983). We calculated organic N as the difference between total N and summed inorganic N concentrations. Within each sampling period, we calculated fluxes (kg NÁha -1 ) from precipitation volumes, N concentrations, and collector area. Since the collector was continuously open during the week-long collection periods, the bulk N dep samples included not only wet N dep but also some dry N dep . However, rinsing the collector with deionized water at the end of a week without precipitation in July 2004 and analyzing the rinsate indicated that dry N dep fluxes of NH 4 -N, NO 3 -N, and organic N to the collector were 1-2 orders of magnitude lower than N dep fluxes during periods with precipitation. Therefore, we consider the bulk N dep data we collected to be an independent measure of wet N dep . Since we did not repeat bulk N dep sampling during other years, we used the 5 year average of NADP wet inorganic N dep to estimate the inorganic fraction of average annual N dep . We used bulk N dep data for two purposes. First, we extrapolated bulk organic N dep during our 7 month collection period to a 12 month period and added it to NADP wet inorganic N dep to estimate average annual deposition of both organic and inorganic N compounds. Second, we used bulk N dep data to calculate N cr .
We measured the amount of N dep retained by the forest canopy (N cr ) by collecting throughfall concurrently with bulk N dep . Throughfall collectors (20 total) were located at random fixed points within the 1.1 ha plot. We chose the 1.1 ha plot based on logistical considerations, and also because the plot was representative of the study area as a whole in terms of canopy species composition, LAI, and site productivity. Collector design, collection frequency, and analysis methods for throughfall samples followed the bulk N dep sampling protocol. Within each 2-4 week sampling period, we calculated N cr above each collector by subtracting the throughfall N flux (kg NÁha -1 ) from our measurement of bulk N dep , such that a positive value indicated net canopy N retention. Subsequently, we averaged N cr across all 20 collectors and computed the standard error of the mean to estimate spatial variation. We summed averages and standard errors of N cr from the individual sampling periods over the 7 month collection period to determine cumulative N cr and the uncertainty associated with it. Finally, for each N compound, we calculated the proportion of bulk N dep that was retained by the canopy during the 7 month period and multiplied that proportion by our estimate of average annual N dep to extrapolate N cr to an average annual basis.
Net N mineralization
We measured N min using an in situ core-ion exchange resin technique (ISC-IER; Brye et al. 2002) . Previous work at the site established a gradient in aboveground NPP across the 0.1 ha permanent plots (Gough et al. 2007 ), so we sampled 20 plots across this gradient to capture landscapelevel variation in aboveground NPP and N min . We sampled N min five times over 1 year using open-topped, 5 cm diameter PVC tubes as corers and incubators. Incubation periods ranged from 30-45 d (May-October) to 196 d (OctoberMay). On each sampling date, one soil core from each plot was taken to a depth of 25 cm (excluding Oi but including all other organic and mineral horizons) for determination of initial NH 4 -N and NO 3 -N concentrations. An adjacent core was taken to a depth of 30 cm, and the bottom 5 cm of soil was removed and replaced with a nylon pack of Dowex Monosphere UPW mixed-bed ion exchange resin (Dow Chemical, Midland, Michigan, USA) held in the bottom of the tube by wire mesh. The tube was then returned to the soil to incubate. In the laboratory, initial and incubated soil cores were weighed and passed through a 2 mm sieve, and 10 g of sieved soil was extracted in 50 mL of 2 mol/L KCl overnight. Ion exchange resins were also extracted in 2 mol/ L KCl. Gravimetric soil moisture and bulk density were determined for each soil core, and filtered KCl extracts were analyzed on a Bran+Luebbe autoanalyzer by the phenate and cadmium reduction methods (standard methods 350.1 and 353.2; United States Environmental Protection Agency 1983). We scaled extract NH 4 -N concentration and soil mass by soil bulk density and incubation tube area to determine N min on an areal basis. NO 3 -N values indicated that less than 2% of mineralized N (NH 4 -N) was nitrified on an annual basis, so we did not include net nitrification in N supply calculations. Within each incubation period, mean N min was the difference between final and initial soil NH 4 -N concentrations, averaged across all 20 cores, and the standard error was computed to quantify across-plot variation. To determine cumulative annual N min , we summed mean N min values from each of the five incubation periods, and we summed the within-period standard errors to estimate the cumulative uncertainty of our repeated plot-level measurements. Cumulative annual N min values and standard errors were corrected for throughfall N deposition to the incubation tubes by subtracting out the mean annual throughfall N fluxes of NO 3 -N and NH 4 -N.
Soil temperature and moisture
We measured soil temperature (T s ) and soil moisture (W s ) continuously to determine the influence of these factors on N min . Soil temperature at 7.5 cm depth was measured with three type E thermocouples arrayed within the central 1.1 ha study plot. Four TDR probes (Campbell CS616, Campbell Scientific, Logan, Utah, USA) deployed within the 1.1 ha plot measured volumetric soil moisture to 30 cm depth.
Forest N requirements
We used ecological stoichiometry to calculate the N requirement of forest NPP, by multiplying production rates (kgÁha -1 Áyear -1 ) and tissue N concentrations for leaves, above-and below-ground wood, and fine roots. Net production rates within each biomass pool were measured annually from 1999 to 2005 in the permanent plots described above, and tissue chemistry samples collected from these plots were analyzed on a Perkin-Elmer CHN analyzer.
Leaves
Leaf litterfall (kgÁha -1 Áyear -1 ) was estimated from 50, 0.26 m 2 litter baskets within 31 permanent plots. Leaf litter was sorted by species, oven-dried, and weighed to determine species-specific annual leaf litterfall. Leaf litter chemistry was measured for 7-18 samples per species over 3 years of leaf litterfall collection (total n = 77). Mean annual leaf litterfall was determined by averaging leaf litterfall across all plots and years. Since we averaged leaf litterfall across space and time, the standard error of mean annual leaf litterfall encapsulates both spatial and temporal variation. Nitrogen retranslocated from senescing leaves is stored in perennial tissues and can be used for the subsequent year's leaf production (Chapin et al. 1990 ), so we assumed that the quantity of N lost in leaf litterfall was equal to the annual leaf N requirement. We calculated annual leaf N requirements for bigtooth aspen, red maple, and northern red oak, which together account for *80% of canopy leaf area; all other species were pooled. The mean annual leaf N requirement (N lf , kg NÁha -1 Áyear -1 ) was estimated as the product of mean annual leaf litterfall and average leaf litter N concentration across all species. The standard error of N lf was calculated by summing the mean-weighted standard errors of leaf litterfall mass and leaf litter N concentration.
Wood
We estimated above-and below-ground wood production by calculating the annual incremental increases in standing wood mass. We used allometric regression models to quantify the standing crop of aboveground wood mass for >700 trees ( 10 cm DBH) in 61 plots (Gough et al. 2007 ). Belowground wood mass was calculated from aboveground wood mass according to a regression model from Cairns et al. (1997) . Wood production (kgÁha -1 Áyear -1 ) was the annual change in wood mass. Aboveground wood at the UMBS forest has similar N concentrations for all species, so we used a mean value for sapwood from 59 tree cores of all species collected in 2000. Belowground wood N concentration was determined from coarse root (>2 mm diameter) samples extracted from four 60 cm soil cores. The mean and standard error of the annual wood N requirement (N w ) were calculated according to the same techniques described above for N lf .
Fine roots
Fine root turnover (FRT) was estimated from 1999 to 2005 by expanding on results reported for our site by Gough et al. (2008) . Those authors derived three independent estimates of FRT from site-specific and published relationships between FRT and several other variables. The first of the three methods was a site-specific regression model relating mean annual soil temperature to FRT, as determined from cohort analyses of minirhizotron images (FRT = 1.13 + 3.5T s ; r 2 = 0.47; P < 0.001). The second method was a published empirical model predicting FRT from available soil N (FRT = 0.789 -0.0191N avail + 0.000211N avail 2 ; r 2 = 0.95; P < 0.01). The final estimate of FRT was based on the mass balance approach of Raich and Nadelhoffer (1989) :
This model assumes a steady state of soil organic matter, so that annual heterotrophic respiration, R h , is balanced by total annual C inputs to soil, consisting principally of fine roots (M fr ), leaf litter (M ll ), and woody debris (M wd ). For each year (1999) (2000) (2001) (2002) (2003) (2004) (2005) , we averaged FRT across all three methods and calculated annual fine root litter production (kgÁha -1 Áyear -1 ) as the product of mean FRT (cross-method interannual mean = 0.40 year -1 ) and the standing crop of fine root mass (13.1 MgÁha -1 ), which was determined from 30, 80 cm deep soil cores (Gough et al. 2008 ). We then averaged across all 7 years to estimate mean annual fine root litter production. The standard error was calculated from the sample of n = 7 annual fine root litter production values. Fine root chemistry was analyzed for roots <2 mm in diameter extracted from four 60 cm deep soil cores, and the annual fine root N requirement (N fr ) was assumed to be equal to the annual N losses in fine root litter production, as trees are unable to recover N from senescing fine roots (Gordon and Jackson 2000) .
Results
Atmospheric N inputs N dep was stable and relatively low, averaging 0.02 kg NÁha -1 Ád -1 across all years for a total N input of 7.5 kg NÁha -1 Áyear -1 (Fig. 1) . Organic N compounds comprised the largest fraction of N dep (39%), contributing 2.9 kg NÁha -1 Áyear -1 (Fig. 2) . Average annual NO 3 -N deposition was 2.5 kg NÁha -1 Áyear -1 (33% of N dep ), and NH 4 -N deposition was 2.1 kg NÁha -1 Áyear -1 (28% of N dep ). The forest canopy retained 38% of N dep (N cr = 2.8 kg NÁha -1 Áyear -1 ), and 58% of the N retained was organic N. An additional 41% of N cr was NH 4 -N, while only 1% of N cr was NO 3 -N. Averaged over the course of the year, N cr was less than 0.01 kg NÁha -1 Ád -1 .
Soil temperature, moisture, and N min
Soil temperature and W s throughout the period of N min measurement (2005) (2006) were representative of typical conditions at our site, remaining within the 95% confidence intervals of 1999-2005 daily means (Fig. 3) . During 7 years, T s peaked at 18.6 to 21.6 8C, between day of year 183 and 250. Across years, W s exhibited a gradual decline throughout the growing season, followed by an increase during autumn and a return to stable, high levels during the winter and early spring.
N min showed substantial temporal variation during the year-long measurement period, most of which was not attributable to variation in soil temperature or moisture. Daily N min was 0.25-0.31 kg NÁha -1 Ád -1 from May to September 2005 but fell to 0.03-0.10 kg NÁha -1 Ád -1 during the period from September 2005 to May 2006 (Fig. 1) . While N min during the former period was significantly higher than that measured during the latter, there were no significant correlations between T s or W s and N min across the five incubation periods. Net nitrification was insignificant, averaging 1.6% of annual N min .
NPP and N budget
NPP at the UMBS forest averaged 12 300 kgÁha -1 Áyear -1 , with a N requirement of 50.7 kg NÁha -1 Áyear -1 (Table 1) . Fine root production was the biggest single component of NPP, accounting for 42% of the total. Aboveground wood production was 29% of total NPP, followed by leaves (21%). Fine roots and leaf litter shared a high N concentration (6 gÁkg -1 ) as well as high production rates. Accordingly, fine roots and leaves were the two largest shares in the annual forest N requirement (62% and 31% of the total, respectively). Bigtooth aspen, the dominant tree species at the site, had the highest annual leaf litterfall (29% of total) and leaf litter N concentration (8 gÁkg -1 ) and consequently had a higher leaf N requirement than the other species. Red maple had the second highest leaf N requirement, with relatively high litterfall (27% of total) but a low leaf litter N concentration (5 gÁkg -1 ). In spite of high annual production, wood was only 7% of the annual forest NPP N requirement because of low tissue N content. N min supplied 84% of the annual NPP N requirement (Fig. 4 ; 42.6 ± 8.4 kg NÁha -1 Áyear -1 ), while N dep supplied an additional 15% (7.5 ± 1.0 kg NÁha -1 Áyear -1 ). The difference between N dep and throughfall N fluxes suggested that 38% of N dep was retained by the forest canopy (N cr = 2.8 kg NÁha -1 Áyear -1 ) and the remainder entered the forest floor.
Discussion
NPP and N budget
While N min was the predominant N supply process, our results indicate that N dep supplied a considerable fraction (15%) of the N used by the UMBS forest for NPP. Our N budget does not elucidate how atmospheric N is distributed among ecosystem pools, but chronic N additions in some other northern hardwood forests have been shown to increase soil, fine root, and leaf N contents and aboveground NPP (Magill et al. 2000; Pregitzer et al. 2007) . In these studies, augmenting N supply by *20-60 kgÁha -1 Áyear -1 increased aboveground NPP by 5%-15%, but results from our site suggest a similar increase in overall NPP driven by a substantially lower rate of N inputs. At the UMBS forest, the average annual NPP N requirement (50.7 kg NÁha -1 Áyear -1 ) exceeds the rate of N supply by N min (42.6 kg NÁha -1 Áyear -1 ) by 8.1 kg NÁha -1 Áyear -1 . This discrepancy is nearly balanced by N dep (7.5 kg NÁha -1 Áyear -1 ), suggesting that while internal N recycling (N min ) is important, atmospheric inputs contribute substantially to the observed NPP in this forest.
NPP at the UMBS forest (12 300 kgÁha -1 ) is comparable to NPP at other northern hardwood forests in the Upper Great Lakes region. Studies in Wisconsin estimated NPP at 8 020 -12 500 kgÁha -1 for aspen-dominated forests, 9 300 -13 300 kgÁha -1 for maples and mixed hardwoods, and 15 000 -17 000 kgÁha -1 for oaks (Pastor and Bockheim 1984; Nadelhoffer et al. 1985; Ahl et al. 2004 ). At our site, fine root and leaf production accounted for over 60% of NPP and over 90% of the NPP N requirement. The large N requirement of these two biomass components is primarily due to their high N concentration, itself a consequence of the metabolic demands of resource acquisition (Reich et al. 1999; Burton et al. 2002) . The UMBS forest NPP N requirement (50.7 kgÁha -1 Áyear -1 ) is at the low end of the range of values reported for northern temperate forests. The NPP N requirements of a spruce-fir-birch forest in New York and an aspen-maple stand in Wisconsin were 54-59 kg NÁha -1 Áyear -1 , though these studies did not measure fine root N requirements (Pastor and Bockheim 1984; Friedland et al. 1991) . Nine conifer and hardwood stands in Wisconsin with measured above-and below-ground NPP had total N requirements of 47-140 kg NÁha -1 Áyear -1 . Annual wet N dep at these north-temperate forest sites ranged from 6 to 13 kg NÁha -1 , or 9% to 24% of the stands' aboveground NPP N requirements. The fraction of the aboveground NPP N requirement that could be met by N dep at the UMBS forest is substantially higher than at these other sites, with N dep at our site (7.5 kg NÁha -1 Áyear -1 ) representing 43% of the aboveground NPP N requirement. Clearly, N dep at the UMBS forest is well within the range of values reported for these other sites. Therefore, the proportional contribution of N dep to aboveground NPP at UMBS, which appears to be quite large, is due to this forest's low aboveground N requirement (18 kg NÁha -1 Áyear -1 compared with 27-71 kg NÁha -1 Áyear -1 for the other sites).
N supply processes
N min at UMBS was relatively low compared with that at hardwood forests in the Upper Great Lakes (Reich et al. 1997) , and net nitrification was insignificant, representing <2% of annual N min . Ion exchange resin extracts from the in situ incubation tubes contained very little inorganic N. The only form of inorganic N adsorbed by the resins was NH 4 -N, and in quantities that represented <5% of N min per incubation. These observations suggest that N leaching losses at UMBS are insignificant, and that any N supplied in excess of the forest NPP N requirement is likely to be retained in the soil and not lost through leaching as in other forests prone to nitrification and N saturation (Dise et al. 1998; Fenn et al. 1998; Aber et al. 2003; Pregitzer et al. 2004) . A gradual increase in forest floor mass at UMBS following historic disturbance (Schaetzl 1994 ) may be one mechanism by which this forest retains N supplied in excess of the NPP N requirement.
At 4.6 kg NÁha -1 Áyear -1 , the wet inorganic fraction of N dep at the UMBS forest is in the low to median range of deposition values reported from other sites throughout the eastern United States (Lovett 1994; NADP 2006) . Organic N dep (2.9 kg NÁha -1 Áyear -1 ) increases the N deposition load, though there is no large-scale monitoring system for this component of N dep to provide a regional or continental con- text for the inputs observed at our site (Neff et al. 2002 ). Although we have not quantified dry N dep inputs to the UMBS forest, this atmospheric deposition pathway probably supplies an additional 1-2 kg NÁha -1 Áyear -1 to forests in this region (Baumgardner et al. 2002) .
While most of the N dep to the UMBS forest passed through the canopy as throughfall, there was considerable N retention within the canopy. N cr averaged 1.2 and 1.6 kg NÁha -1 Áyear -1 for NH 4 -N and organic N, respectively, while NO 3 -N retention was negligible. Canopy NH 4 -N retention has been documented across forests throughout the eastern United States (Lindberg et al. 1986; Lovett and Lindberg 1993) . Organic N generally is not retained in the canopy (Morris et al. 2003; Tomaszewski et al. 2003) , though exceptions do occur (Piirainen et al. 1998) . While NO 3 -N typically is retained in the canopy, frequent observations of NO 3 --enriched throughfall suggest accumulation and washoff of dry deposition (Lovett and Lindberg 1993) . Incidentally, dry-deposited N also may be taken up by the canopy (Sparks et al. 2003; Turnipseed et al. 2006; Lockwood et al. 2008) , which could allow some of the estimated dry deposition at UMBS (1-2 kg NÁha -1 Áyear -1 ) to directly affect NPP.
Sources of uncertainty
It is possible that some of the atmospheric N deposited to our study site had no immediate, direct effects on NPP of the dominant trees. Since forest floor and soil pools are major sinks for throughfall inorganic N inputs to forests (Buchmann et al. 1996; Tietema et al. 1998; Currie et al. 1999; Templer et al. 2003) , immobilization of some N dep in these pools is likely. Over time, however, a significant fraction of the organic matter in these pools breaks down, and the N immobilized within it is released in plant-available forms (Compton and Boone 2002) . Immobilization of N dep within Table 1 . Mass production (DM), C production (DC), tissue chemistry, and N requirements (Nreq) of forest growth at UMBS. Atmospheric N deposition (Ndep) supplied 7.5 kg NÁha -1 Áyear -1 , of which 2.8 kg NÁha -1 Áyear -1 was retained by the forest canopy (Ncr). The forest N requirement of 50.7 kg NÁha -1 Áyear -1 was dominated by leaf (Nlf) and fine root (Nfr) N requirements; the wood N requirement (Nw) was small. Error bars represent the summed standard errors of individual N sources and requirements.
soil pools induces a lag between the occurrence of atmospheric N inputs and their entry into actively cycling mineral or plant N pools, so accurate (and likely isotopic) measurements of N turnover within soil pools are important for understanding how quickly N dep becomes available for plant uptake.
N cr values at our study site suggest that trees could meet some of their N requirements through foliar uptake. However, it is possible that some of the N dep retained by the forest canopy was assimilated by epiphytic microbes or lichens (Houle et al. 1999; Morris et al. 2003) , emitted back to the atmosphere (Harrison and Kitto 1994) , or washed off to the forest floor before foliar assimilation (Lovett 1994) . Any of these possibilities would decrease the amount of N available for NPP through N cr . Regarding bulk N dep and throughfall measurements, we cannot exclude the possibility of N transformations within the collectors during week-long sampling intervals. This is not a drawback specific to our collector design, which is similar to many other designs reported in the literature (Bleeker et al. 2003) , or our collection frequency, which was suggested in a critical review of precipitation sampling methods as an acceptable frequency for balancing logistical considerations with the need to minimize contamination and chemical transformation (Thimonier 1997) . In this study, logistics precluded sampling more frequently than every week, and since we are ultimately more concerned with the amount of atmospheric N input to the system than with its chemical form, we view potential biochemical transformations as a secondary concern.
There are several potential sources of N that we did not measure extensively at UMBS. First among these is the input of atmospheric N through stemflow. While stemflow can be a significant source of N in certain systems (Lovett 1992) , measurements made at our site during July 2004 (concomitant with bulk N dep sampling and throughfall collection) indicate that stemflow N inputs are two orders of magnitude less than N dep (data not shown). Biological N fixation also has been documented as a N supply process in temperate forests (Cleveland et al. 1999 ). While we did not measure biological N fixation, we suggest that it is not likely to supply a significant quantity of N at UMBS for two reasons. First, there are no plant species in this upland forest that associate with N-fixing symbionts. Second, asymbiotic N fixation in woody debris and soil represent minor fluxes in similar ecosystems (0.2-0.9 kg NÁha -1 Áyear -1 ; Tjepkema 1979; Hendrickson 1990) .
In this study, we assumed that N min measured over the course of 1 year was a quantitative estimate of plantavailable soil N supply. There are several sources of uncertainty associated with this assumption. First, N min may not be the appropriate measure of available soil N in systems where trees acquire a significant fraction of their N through mycorrhizal or direct root uptake of organic N (Schimel and Bennett 2004) . These mechanisms have been observed in other temperate forests (Finzi and Berthrong 2005) , and if they are substantial at our study site, we may have underestimated soil N supply. However, while the production of hydrolytic enzymes for degradation of organic compounds has been documented for some ectomycorrhizal species (Chalot and Brun 1998) , most mycorrhizae do not synthesize such enzymes, and mineralized N generated by saprotrophic fungi is more often the source of N accessed by mycorrhizae Read 1996, 1997; Colpaert and Van Laere 1996) . Therefore, N min probably is an appropriate measure of soil N availability for this system. A second source of uncertainty arises from between-method differences in measured N min (Binkley et al. 1986) . The use of different methods may be the reason for the discrepancy between our N min measurements and others at UMBS (11 kg NÁha -1 Áyear -1 , Curtis et al. 2002 ; *25 kg NÁha -1 Áyear -1 , White et al. 2004) . A third source of uncertainty comes from the fact that we measured N min for only 1 year, and interannual climatic variation may cause N min to vary between years. Although soil microbial activity changes with T s and W s (Raich and Schlesinger 1992; Hobbie 1996; Liski et al. 2003; Curtis et al. 2005) , the consistency of these environmental variables in [2005] [2006] relative to other years suggests that our N min estimate was representative of average conditions. Nonetheless, we are not able to estimate the amount of variation in annual N min that originates from interannual variation in climate, T s , and W s .
A final source of uncertainty in this study is the accuracy of our fine root production estimates. Fine root production was the biggest single component of NPP and the NPP N requirement, and as such exerts substantial leverage on our N budget. We quantified fine root litter production by measuring FRT using three independent methods, because doing so allows us to constrain our estimate of fine root litter production with greater confidence. The three methods exhibited good agreement, with a mean coefficient of variation (across all years and methods) of 28%. The respiration mass balance approach (eq. 1; Raich and Nadelhoffer 1989) consistently yielded higher FRT than the other two methods, and was responsible for nearly all of the between-method variation. However, this method is an upper-bound estimate of total belowground NPP, including soil C accumulation, rhizodeposition, and mycorrhizal NPP (Clark et al. 2001) . Therefore, while we do not explicitly account for N uptake by or the N requirement of mycorrhizae, the fine root N requirement as we have calculated it indirectly includes the N demand of these symbionts.
Conclusion
Our ecosystem-scale study indicates that the N required for NPP at the UMBS forest comes from internal recycling (N min ) and atmospheric inputs (N dep ) . N dep supplies a substantial fraction (7.5 kg NÁha -1 Áyear -1 , or 15%) of the NPP N requirement of this forest, suggesting that NPP would be lower if atmospheric N inputs did not occur. The canopy retained 38% of N dep , and this quantity of N may be directly linked to NPP if foliar N uptake occurs. Insignificant rates of net nitrification and N leaching from the upper 25 cm of the soil profile suggest that ecosystem N retention is high and that this forest is N-limited. Forests of similar disturbance history and species composition cover > 100 000 km 2 in the region (USDA Forest Service 2001), suggesting that low to moderate rates of N dep increase ecosystem N content, NPP, and C storage across a significant area of the northern temperate forest in the northeastern United States.
